Agar has been used for a number of years in the preparation of elastic duplicating materials. These duplicating materials have been used mainly in partial denture prosthesis for the preparation of a duplicate refectory cast of the original stone cast of the patient's mouth. Since moderately large quantities of duplicating materials are used in these procedures, the low cost and reversibility of the agar materials are a definite advantage.
taking qualities, as measured by the present A.D.A. master model for agar hydrocolloid materials, were also determined. Luster3 reported the effect of environmental factors of air, water, and inorganic sulfate solutions on the dimensional stability of agar gels. Phillips and co-workers4 also measured the dimensional changes of agar gels under various conditions.
The properties of elastic duplicating materials have received little attention, with only limited information available in the literature. Margetis and Hansen,5 however, recently studied the changes in agar duplicating materials on heating and storage by measuring changes in the pH and viscosity of the sols and the crushing times of the gels. These values indicated a gradual degradation of the agar material over a 32-day period when stored at 52°C. (125.6°F.). The present investigation represents a portion of a study being conducted on elastic duplicating materials and consists mainly of an initial comparison of the properties of duplicating materials with agar impression compounds. The physical properties of compressive strength, tear strength, stress-strain properties, per cent set, crushing time, impression qualities, and gelation temperature were measured. In addition, the properties of a number of experimental agar gels were determined, in order to examine the effect of the agar source and composition on physical properties.
Other phases of this study, to be reported at a later date, are (1) the accuracy of duplicating materials, (2) the effect of aging on duplicating compounds, and (3) the visco-elastic behavior of these materials.
MATERIALS AND METHODS
The commercial duplicating materials investigated and the suppliers are listed in Table 1 , with a code letter for each material. The materials are referred to by code letter because this study is an evaluation of the general properties of elastic dupli-eating materials, and a high or low value for any particular property does not imply that the material is a superior or inferior product. In fact, it is known that each of the materials is used routinely and gives acceptable results. All the duplicating compounds are hydrocolloid materials except material B, which is a reversible plastic gel.
Three hydrocolloid elastic impression materials were selected from the large number commercially available on the basis of general differences in physical properties. These products also are listed in Table 1 with a code letter.
Experimental agar gels were prepared from four different commercially available dental-grade agars* used in these investigations. Samples from different batches of these raw agars were obtained and the physical properties determined, in order to observe differences as a result of the source of supply. A dental-grade agar was also used to prepare experimental gels. Five lots of this type of agart taken over an 18-month period were examined. Specimens used for the determination of compressive strength, stress-strain curves, per cent set, and crushing time were cylinders 3/4 inch high by '2 inch in diameter. These cylindrical specimens of agar impression or duplication compounds were prepared by liquefying them in boiling water and using specimen molds as described in A.D.A. specification No. 11 for hydrocolloid impression material, section 4.4.5.1.6 The duplicating compounds were poured when the temperature was between 1400 and 150°F. The impression compounds were tempered according to the manufacturer's directions. Duplicating material B was poured at the storage temperature of 210°F. After pouring, the specimens were stored in a humidor at 100 per cent relative humidity for 1 hour until tested.
The tear specimens used had the shape of the ASTM tear-test die C (ASTM Test D624-54).7 The tear test has been used to evaluate rubber materials. The shape and dimensions of the specimens are indicated by the sketch in Figure 1 . The mold for the tear specimens was prepared from a casting plastic, and the top and bottom of the mold were formed by glass plates. The specimens were prepared and stored as indicated for the compression specimens.
The dry strip agar was cut into small pieces, and the powdered forms were used as received. 10 The stress-strain curve may also be obtained from the load and deformation data. The stress-strain curves were plotted from the data obtained at a deformation rate of 10 inches/minute. These curves permitted the determination of the stiffness, proportional limit, and per cent compression of the agar materials.
The tear strength of elastic duplicating and impression materials is a most important property because these materials must have sufficient strength that they may be removed from undercut areas and interproximal spaces without tearing. The load required to continue tearing the specimen was determined by using the Instron Tester. The load divided by the thickness of the specimen in inches was a measure of the tear strength and is reported in pounds per inch of notch or, more simply, pounds per inch.
The per cent set after 12 per cent strain was determined on an instrument developed by Cresson.8 The instrument had a dial gauge sensitive to 0.001 inch, was mounted on a steady stand, and was equipped with a screw to allow a cylindrical specimen to be compressed the desired 12 per cent. The sample was compressed 12 per cent and the pressure maintained 1 minute, after which the sample was allowed to rest with no pressure for 1 minute, and the specimen height was measured. Knowing the original and final specimen length, the per cent set may be calculated.
A crushing-time test similar to that proposed by Margetis and Hansen5 was used.
The modified compression-testing apparatus described by Paffenbarger2 was convenient for performing the crushing-time test. The cylindrical specimens were loaded with weights varying from 1,100 to 3,600 gm., and the time from the load application to the rupture of the specimen was determined in seconds. Variation in the load was necessary, since no single load could be found which would give reasonable crushing times for agar impression, duplication, and experimental materials. The A.D.A. master model for testing hydrocolloid impression materials6 was used to give a general evaluation of the impression qualities of the duplicating materials. This master model has five posts, two of which are cylindrical, and the other three have varying degrees of undercut. A snap removal of the master model was carried out, and improved stone was used to prepare the duplicate model.
The gelation temperatures were measured according to the directions of the A.D.A.
specification No. 11 for hydrocolloid impression materials.6 The test consists of inserting a metal tube into the impression material at various times as the material cools from a sol to a gel. The gel temperature is that temperature at which a clear impression of the inside and outside of the metal tube is obtained and none of the material clings to the walls of the tube.
Stress-strain properties.-The stress-strain curves were determined for all the duplicating and impression compounds listed. The values for the initial slope of the straight-line portion of the curves and the proportional limit as indicated by flattening of the curve prior to fracture are listed in Table 2 . In addition, the ultimate per cent compressions also are reported in this table. The ultimate compressive strength also may be obtained from these curves, and this property will be discussed in the following section. Examples of the various types of stress-strain curves obtained are presented in Figure 2 for materials B, D, E, and I. The deformation rate was 10 inches/minute, with the result that the complete stress-strain curve for any of the samples was obtained in less than 3 seconds. On the basis of unpublished flow studies, the curves represented primarily the elastic behavior of the materials, and any viscous effect was neglected. Material I was an agar impression compound and, like the other impression compounds G and H, was stiffer and had a higher proportional limit than the agar duplicating compounds. These results would be expected, since the agar duplicating compounds are more dilute than the agar impression materials. Agar duplicating compounds A, D, and F were similar in their compressive properties, while compounds C and E had lower compressive characteristics. This again would be anticipated because of the lower agar concentrations used in materials C and E. Material B was a plastic gel duplicating material and had compressive properties similar to agar duplicating compounds at low compression values. This material had considerably higher strength and ultimate compression values than did the agar types. It is important to point out that these high values are not required of a duplicating material. It may, however, affect the length of time over which the duplicating compound may be used before the physical properties deteriorate to such an extent that the material must be discarded.
The ultimate per cent compression of the agar duplicating compounds was generally lower than for the impression compounds, but no correlation existed between these values and the other compressive properties.
The shape of the stress-strain curves was different from those reported by Paffenbarger. 2 The initial portion of the curves in Figure 2 were straight lines, but between a strain of 0.1 and 0.2 inch/inch the curves began to rise. After this rise they flattened out and finally became discontinuous when the specimens ruptured. This shape may be explained by the fact that the specimen cross-sectional area is increasing during the test or that the stiffness of the material increases with the deformation. The stressstrain curves reported by Paffenbarger2 were usually concave toward the strain axis. The differences in the results of the two studies may be reconciled by noting that the latter stress-strain curves were obtained by loading the specimens at the rate of 2.84 lb/in2/minute, and therefore, the tests required 10-17 minutes to complete. Considerably more viscous deformation could occur in this period of time compared to the 3 seconds or less required in the present study. Any flow taking place would result in the stress-strain curve being concave toward the strain axis. The curves shown in Figure 2 , therefore, more nearly represent the behavior of the agar materials in service, since the impression is removed rapidly rather than slowly.
Compressive strength.-The compressive strengths of the duplicating compounds are shown in Figure 3 , those for the agar impression compounds in Figure 4 , and those for the experimental agar gels in Table 3 . The compressive strengths, measured at a lbs/in2 The compressive strengths of experimental agar gels listed in Table 3 show considerable variation. The Portuguese, Spanish, and Japanese agar gels showed more variation between batches than did the American agar gels. The Spanish and Portuguese Of principal interest is the stability of the properties of the American agar gels prepared from various batches of agar. The variability of the properties of agar from batch to batch has been recognized for a long time as being one of the main difficulties in the preparation of a consistent agar impression or duplicating compound. This fact is substantiated by the variation in the properties of the Portuguese, Spanish, and Japanese agar. The reason for the choice of a deformation rate of 10 inches/minute may be seen by examination of Figure 5 . The solid curves represent the relationship of the compressive strength to the deformation rate for three different dilutions of duplicating compound A. The same types of curves have been obtained for the other agar duplicating and impression materials, although the maximum is not so pronounced in the case of the impression compounds. The dotted line indicates the per cent compression at fracture of the agar gels prepared by diluting material A with 0.5, 1, or 2 parts of water. All the values fell on a single curve, which showed that within this dilution range the percent compression was independent of the water to material ratio.
The curves for the compressive strength of agar gels versus deformation rate reached a maximum between 10 and 12 inches/minute. If the gels were deformed at low rates, such as 2 inches/minute, or at high rates, such as 20 inches/minute, considerably lower values for compressive strengths were obtained. A maximum was not observed for the per cent compression versus deformation rate, but the values increased between 2 and 10 inches/minute, after which a stable value was maintained. The deformation rate of 10 inches/minute was therefore selected because a maximum value was obtained at this rate and because the materials as used would be subjected to compression forces at approximately this rate.
The significance of selecting the proper deformation rate for evaluating compressive Figure 4 . The values given by Paffenbarger2 ranged from 16 to 40 lb/square inch, while those reported in this study were between 78 and 114 lb/square inch. The former values are possibly lower because the deformation rate was much slower. Tear strength.-Since one visual criterion for discarding a duplicating material is the tendency of the material to tear in the region of the interproximal spaces, the tear strength of duplicating compounds is a most important property. The tear specimens were tested in tension at a rate of 10 inches/minute, and the values obtained for the duplicating and impression compounds are shown in Figures 3 and 4 .
The order of the tear strengths of the duplicating and impression compounds is essentially the same as for their compressive strengths. The tear-strength test, however, appears to be somewhat more sensitive to differences in materials than the compressive-strength test. The tear strengths of agar duplicating compounds A, D, and F were between 2 and 3 lb/inch, while compounds C and E had lower values of about 1 lb/inch, and the plastic duplicating material had a higher value of over 6 lb/inch. The tear strength of the agar impression compounds were approximately twice the value of the duplicating compounds, having values of 4-6 lb/inch.
In addition to the value of the tear strength, the rate at which a cast is removed from the duplication material is important. The effect of deformation rate on the tear strength of agar duplicating compounds A and D is presented in Figure 6 . The results are similar to those obtained for the compressive strengths. The tear strength increased as the deformation rate increased from 1 to 10 inches/minute, after which the values appeared to decrease slightly, though not significantly. These results confirm the recommended procedure of snap removal of agar impressions.
Per cent set.-The per cent set after 12 per cent strain test was run by deforming the specimens 12 per cent for 1 minute, relieving the deformation, allowing a 1-minute rest period, and measuring the permanent deformation. The values for duplicating compounds, impression compounds, and experimental agar gels are listed in Figures 3  and 4 and in Table 3 , respectively. The agar duplicating materials that had the higher compressive and tear strengths had per cent values of approximately 1.5. The weaker agar duplicating materials had per cent set values of 2.3-2.9. The plastic gel duplicating material gave a value of 2.6 per cent when evaluated according to this test procedure. There is some question whether this is a good test for materials of this type, since it recovers more slowly from a deformation than do the agar-type materials. A longer time of 5 minutes for recovery would be indicated when testing plastic gels. The stronger agar impression compounds had values of about 1.3 per cent, and little difference was observed between different products. All these values are less than 3 per cent, which is the limit suggested by the specification for agar impression materials. These data indicate that clinically these duplicating materials would function satisfactorily.
The per cent set values for the experimental agars listed in Table 3 were between 1.5 and 2.6, which is approximately the same range as that obtained for the commercial duplicating materials. One exception was the second batch of Japanese agar, which had a value of 3.9 per cent and, in general, appearal to be an inferior batch for dental purposes.
The per cent set test does show large variations in agar gels but does not appear to be a particularly sensitive test. Large increases in the per cent set occur only when the material becomes excessively weak.
It should be pointed out that the per cent set will vary depending on the time allowed for the specimen to recover. The per cent set versus recovery time for duplicating compounds A, B, and E are shown in Figure 7 . Material E is normally diluted 3 to 1, but the per cent set versus recovery time curves were determined at 3 to 1 and 1 to 1 dilution, in order to show the effect of agar concentration.
The change in per cent set with recovery time was very slight with duplicating compounds A and E, which were diluted 1 to 1 in their preparation. When material E was used at a 3 to 1 dilution, the per cent set was higher at all comparable recovery times, and the change with time was more pronounced. The change in per cent set with time for the plastic duplicating compound was most pronounced, decreasing from 3.2 per cent at Y2 minute to 1.3 per cent at 10 minutes. Since 10 minutes usually elapses between withdrawing the master cast and pouring the refectory cast, the lower value of 1.3 per cent more nearly reflects the behavior of this material in service. The crushing time probably shows differences between materials more clearly than any of the other tests used. This is emphasized by the variation in the times reported in Table 3 for the 5 per cent experimental agar gels. The crushing times, measured at a stress of 870 gm/cm2, varied from 1 to 359 seconds for batch 2 of the Japanese agar and batch 1 of the Portuguese agar. These data illustrate the variation expected in commercial agars used in the preparation of dental duplicating and impression compounds. It is interesting to note the consistency between the values obtained for the batches of American agars.
The reason why the crushing-time test is so sensitive to changes in elastic duplicating and impression materials is not entirely clear. Unpublished results concerning the aging of duplicating materials confirm these findings, and this test appears to be the most sensitive to changes in materials caused by aging. Study of the elastic, viscoelastic, and permanent deformation properties of these materials has indicated that, with the times required to crush the specimens, the test is evaluating a combination of elastic and viscoelastic properties of these materials under a certain per cent deformation. The compressive strength and per cent set test do not evaluate this combination of qualities.
Gelation temperature.-Of all the properties of agar duplicating and impression materials, the property of gelation temperature was the most constant. The values reported in Figures 3 and 4 and The stress-strain properties, compressive strengths, tear strengths, per cent sets after 12 per cent strain, crushing times, gelation temperatures, and duplicating qualities of six duplicating compounds were determined and compared with properties of three agar impression compounds.
The strength properties of the duplicating materials were lower than those of the impression materials as a result of the lower agar concentration.
The duplicating compounds could be divided into three groups with respect to physical properties. The reversible plastic gel had the highest strength properties, the agar duplicating compounds diluted 1-1 with water had intermediate properties, and the agar compounds diluted with 2 or 3 parts of water had the lowest strength properties.
Although differences existed in the strength properties of the various materials, little difference was observed in their gelation temperature or the duplicating qualities, which indicates that a wide variety of materials may be used for duplication procedures.
The stress-strain curves for these materials differed from those previously published. This probably results from the fact that it is now possible to determine the entire stress-strain curve in less than 3 seconds by using improved equipment. The stressstrain properties, therefore, more closely reflect the properties of these materials as used, since rapid removal of the impression or cast is usual in impression or duplicating methods.
The compressive and tear strengths of agar impression or duplicating materials were shown to be a function of deformation rate, the values reaching a maximum value at 10 inches/minute. These data are further substantiation for the practice of a snap removal of impressions or casts.
The time required to rupture a material at a constant stress, or crushing time, was found to be the most sensitive test for evaluating differences in agar materials, probably because it measures both elastic and viscoelastic characteristics.
The per cent set test was found to be a rather insensitive test, but it was able to show large variations in agar material. It was observed that the use of this test with another type of material could give misleading information if the recovery characteristics of the material are not considered.
The two major areas of aging and duplication accuracy, which are important to the evaluation of duplicating compounds, were not discussed but are currently being investigated and will be reported at a later date.
